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Abstract 
We investigated striation generation mechanism in inert gas laser cutting of steel by experimental observations of hydrodynamics 
of melt layer on the kerf front. It was found that the melt flows in the regions of kerf side and kerf front exhibit instability in 
different velocity ranges. This new evidence, which has not been discussed in the past, is essential, because it is the instability in 
the side region that causes periodical initiation of the striations from the surface. We also discuss the origin of the instability 
using a simple physical model. 
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1. Introduction 
Laser cutting has been widely applied to steel related industries because of its potentials of high processing speed, 
elimination of post-processing, automation, and so on. The practical interest has yielded a number of researches on 
fundamental processes of laser cutting of steel, and now there exist several models which can predict the capacity of 
the process (i.e. maximum thickness or maximum cutting speed for a given operating condition) [1-3]. 
 
Striations, which are left on kerf sides after the process, are known to be one of the principal quality problems of 
laser cutting of steel. Recently, striation free cutting has been realised for the case where oxygen is used as assist gas, 
but the process window for the achievement of the best quality is very limited [4,5]. It can thus be said that striations 
appear for most of practical conditions. The problem of striation generation has attracted new attention in recent 
years, because it has been recognised that, for thick section cutting, new types of fibre and disk lasers cannot offer 
the same quality as can be achieved with conventional CO2 lasers [6,7]. 
   
In spite of its significance, physical mechanisms of striation generation have not been fully understood. The 
above-mentioned models [1-3] cannot properly deal with the time dependent process, since they are based on 
several balance equations which assume equilibrium condition. Whereas the striation generation mechanism in the 
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case of laser cutting assisted by oxygen is well explained by a model of cyclic combustion and extinction of the 
oxidation reaction [8-10], the origin of striation initiation for inert gas laser cutting has remained unknown for 
several decades. Several possible mechanisms have been proposed, such as fluctuations of operating parameters 
[11,12], hydrodynamical instability induced by a jet of assist gas [13,14], and periodical generation of molten 
bunches, so-called humps, on the kerf front [15-19]. The conclusion has not been drawn, however, due to lack of 
experimental verification. 
 
Visualisation of hydrodynamics on kerfs is a powerful experimental way to investigate the physical mechanisms 
of striation generation. Yudin et al observed striation generation process on a kerf side laterally through a glass sheet 
[20]. They utilised as samples rose alloy, which has much lower melting temperature than steel. More recently, other 
research groups applied this lateral visualisation technique to steel cutting [21] and also to glass cutting [22]. Yudin 
et al [20] confirmed downward movement of discrete melt accumulations and consequent development of striations 
on the kerf side. However, the origin of striations, that is, the reason why discrete melt accumulations are generated, 
could not be clarified in the study. 
 
With this background, the present study aims to contribute to a better understanding the mechanism of the 
striation initiation, based on experimental observations of the hydrodynamics of molten material on the kerf front. 
Considering the experimental fact that striations usually run across the kerf side from the top surface to the bottom, 
the origin of striations should be in the vicinity of the upper surface. Our observation is thus focused on the upper 
part of the kerf front from above the sample surface, which is in contrast to the above-mentioned lateral visualisation 
technique. 
2. Experimental 
Schematic of experimental apparatus is shown in Figure 1. A 8 kW disk laser beam (O = 1030 nm) was focused 
onto a sample of 3 mm thick low carbon mild steel. The intensity distribution of the focused beam was confirmed to 
be in top-hat shape with the diameter of 1.7 mm. We adopted such a large focus diameter in order to obtain a better 
visualization of the striation generation process around the kerf front. Despite the increase of diameter, relevant 
physical processes or mechanisms are not expected to change so much, because most of the processes such as heat 
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Figure 1. Schematics of experimental setup for normal cutting experiment (a) and 2D melting experiment (b). 
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conduction and melt layer dynamics are scalable in terms of governing mathematical equations. The kerf front was 
observed by a high speed video camera (Photron, FASTCAM/APX-RS) with the acquisition rate of 20 kHz. In order 
to clarify the initiation process of striations, the top part of the kerf front was observed from the above, with the 
angle of 40 degree with respect to horizontal surface. To visualise the central and side parts of the kerf front (see 
Figure (a)) at the same time, the angle of the observation was deviated by 45 degree from the cutting direction. The 
pressure of nitrogen gas in the nozzle was set to 2.5 bar, so that unfavourable shock structure does not emerge in the 
assist gas jet. Cutting speed V was varied from 1 m/min to 6 m/min to investigate the evolution of hydrodynamics. 
 
In order to investigate stability limit of hydrodynamics in the central part of the kerf front, another type of 
samples were used. The samples was a rectangular bar with the width of 1 mm and the height of 3 mm. They were 
held as depicted in Figure 1(b). Using exactly the same experimental conditions as the cutting experiment described 
above, they are melted with the moving laser beam. This experiment allows us to observe hydrodynamics only in the 
central part of the kerf front without any possible perturbation from the side region. In addition, the melting 
phenomenon can be regarded as a two-dimensional problem (in the x-z plane in Figure 1 (b)), considering the facts 
that the width of the samples is less than the laser beam diameter and that the both sides of the samples are thermally 
isolated. This simplification will help us to understand fundamentals on the stability of hydrodynamics and also to 
develop numerical models in the future. In the following, we call this experiment “2D melting experiment” in order 
to distinguish it from the ordinary cutting experiment with plate samples. It should be mentioned that Schuster et al 
[23] visualised melting using the same kind of 2D configuration for the case of welding without process gas. While 
they employed lateral observation, we used the oblique observation from the above, which gives us clearer vision of 
the hydrodynamics on the kerf front. 
3. Results 
3.1 Observation results of cutting experiments 
Figure 2 shows typical examples of images acquired in the cutting experiment for different cutting velocities: V = 
1, 3 and 6 m/min. As can be seen, hydrodynamics of the melt flow on the kerf front exhibits strong instability, 
depending on V. Table 1 summarises different regimes observed, which are classified based on the instability 
observed in central and side parts of the kerf. 
 
 
Figure 2. Observation result for different cutting velocities V. (a) V = 1 m/min, (b) V = 3 m/min, and (c) V = 6 m/min. 
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Table 1. Velocity dependence of the flow 
V (m/min) V < 2 2 < V < 6  V = 6 
Central region Unstable Stable Stable 
Side region Unstable Unstable Stable 
 
In the range of V < 2 m/min, both the central and side regions exhibit discontinuity. Melt accumulations (LA in 
Figure 2(a)) are produced from the top surface and they move down on the kerf front surface while interacting with 
each other. The melt accumulations observed in the front are called humps in this paper. There exist regions that are 
not covered with liquid between two humps (B1 and B2 in Figure 2 (a)). Although experimental observation of 
humps has been reported in the case of welding [23-26] and of cutting [21], this remarkable discrete structure of the 
melt layer has been revealed for the first time. The solid surfaces around B1 and B2 are very bright, because of the 
specular reflection of halogen lamps used for illumination. There is a lag between the central lines of the two solid 
bands B1 and B2. It is suggested that the liquid hump between the two bands is situated on a plateau or a shelf, which 
has different tilting angle from the two parts. 
 
In the next velocity range from 2 m/min to 6 m/min, unstable region appears in the central part of the kerf front, 
but the side region is still discontinuous. Let us define the width of unstable side region as W, as shown in Figure 
2(b). The side flow in this regime is characterised by periodic generation of accumulations at the top parts and their 
development and movement downwards. Although Figure 2(b) shows an image at some instance, the three melt 
accumulations (LA1~LA3) designated in the Figure 2(b) well represent temporal evolution of an accumulation. The 
small melt accumulation LA1 generated from the width of W increases its size with the displacement of the laser 
beam (LA2) and slides down on the kerf side (LA3) until sucked into the continuous central flow. Each accumulation 
creates one stripe of striations, which one can observe in Figure 2(b) to the left of the melt accumulations. This 
periodical process is the origin of the striation initiation from the surface. Another important point firstly shown by 
the present observation is that there is a regime where we observe both the stable and unstable flows, on the central 
region and side region, respectively. This new evidence is essential, because it is the instability in the side region 
that causes periodical initiation of the striations from the surface. 
 
With the increase of V from 2 m/min, the width W decreases, until the unstable region finally disappears at 6 
m/min. At this velocity, whole the region becomes stable except for small oscillation of the surface level of the melt 
layer, which leaves very tiny traces on the kerf side. 
 
Several important parameters have been analysed. In Figure 3 shown are the tilting angle D of the kerf front and 
the width W of the unstable side region. The angle D was measured at the central symmetric line of cutting. It was 
measured for the kerf front which was obtained after turning-off of the laser beam. It is considered that Dwhich 
increases with V, is an important parameter which governs the stability, as discussed later. On the other hand, the 
width W decreases with V. In Figure 4, two important parameters representing the dynamics of instabilities are 
shown: the pitch Gof humps in the central region of the kerf front and the wavelength Oof striations which are left 
on the side region. The pitch G is calculated from the relation G= V*Thump, where Thump is the mean time interval of 
two successive humps measured from the video films. The striation wavelength O was measured from kerf sides of 
the cut samples with an optical microscope. It was confirmed that the same value of O is obtained from the formula 
(V*'ta), where 'ta is the measured average time interval of two melt accumulations produced in the side region. 
One can recognise from Figure 4 that Gis larger than O for the whole velocity range. Whereas Gis almost 
independent of V, Oshows slight decrease with the increase of V. 
3.2 Observation results of the 2D melting experiments 
The 2D melting experiments were conducted for different laser power P = 8, 4 and 2 kW, varying the beam 
displacement velocity V for each power condition. The images captured for P = 8 kW are presented in Figure 5. The 
observed velocity dependence was nearly the same as that observed for the flow in the central region of the kerf in 
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the case of the normal cutting experiment. For low velocity condition of V < 2.5 m/min, melt accumulations 
(humps) were observed but for higher velocity range, the melt flow became continuous. 
 
In the images (a) (V = 1 m/min) and (b) (V = 2 m/min), humps are observed only in the very top part of the kerf 
front. In the lower part they disappear. This behavior cannot be observed in the case of normal cutting. The reason is 
not clear, but authors think that the force applied on the kerf surface by the assist gas may be inefficient due to the 
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Figure 4. Velocity dependence of Gand O. 
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Figure 5. Observation results of 2D melting experiments for different velocities V. (a) V = 1 m/min, (b) V = 2 m/min, and (c) V = 3 m/min. 
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Figure 3. Velocity dependence of the tilting angle Dof the central part of the kerf front and the width W of unstable side region. 
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special geometry used in this experiment. In spite of this difference in the lower part, it is considered that the flow in 
the upper part, which governs the stability, is essentially the same as the cutting experiment. 
 
When the laser power was decreased, the threshold velocity below which the flow becomes discontinuous 
decreased. This result is presented in Figure 6, where the measured tilting angles are plotted. The empty and filled 
marks represent the unstable and stable regimes, respectively.  One can see that the threshold velocity is 
proportional to the laser power. The tilting angle Dis roughly proportional to (V/I) [27], where I is the laser intensity. 
Thus the linear dependence of the threshold velocity on the laser power means that the threshold corresponds to the 
same angle of D = 13 degree for all the different laser powers, as can be seen in Figure 6. 
4. Discussion 
We discuss the origin of the instabilities observed in the central and side regions, based on two instabilities in the 
physical processes: instability in thermal dynamics of melting process and instability in hydrodynamics related to 
surface tension. To the best of our knowledge, Golubev [18] firstly proposed this idea of the combination of the two 
physical processes, which had already been suggested separately [15-17]. It should be emphasised that, whereas the 
Golubev’s model can explain the instability observed in the central region, it cannot explain the different behaviours 
in the side region. This is because he assumed two-dimensional model, dealing only with phenomenon on the central 
symmetrical plane of cutting. It was assumed that perturbations in the central region are directly related to the 
instability on the sides. Thus his model cannot explain why the side region stays unstable while the central region 
becomes stable with the increase of V. Also assumed in his model is that the pitch Gof humps is equal to the 
wavelength O of striations, which contradicts to our results. To bridge the gaps, we propose simple extension of the 
model, taking into account the three-dimensional effect of kerf geometry. 
4.1 Instability in the central region 
The 2D melting experiment suggests that humps appear on the kerf front when D is smaller than 13 degree. The 
normal cutting experiment showed roughly the same angle (18 degree) at the threshold velocity of 2 m/min. This 
behaviour for low D can be explained by inherent instability in melting dynamics, which has been discussed by 
Kovalenko et al [15] and Golubev [18]. The essential point in their description of the instability is that, when Dis 
small, in other words, when I is high or V is low, melting front on the sample surface can travel to the cutting 
direction faster than V. Consequently the melting front advances intermittently on the surface, changing periodically 
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Figure 6. Velocity dependence of Dobtained in the 2D melting experiment. 
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its position relative to that of laser beam. Figure 7(a) shows a schematic profile of the solid-liquid interface in this 
unstable regime. When the front advances furthest to the cutting direction with respect to the laser beam, a small 
plateau so-called “shelf” is created near the surface. The shelf holds locally melted material on its surface. On the 
shelf, the absorbed intensity of the laser beam is much higher than other part, so that downward local “drilling” 
occurs there. The shelf descends with the molten material on it. After the stroke of the drilling, the absorbed 
intensity around the surface decreases, since the local tilting angle becomes small. The advance of melting front 
relative to the laser beam thus ceases, until the laser beam catches up the front and restarts to create another shelf. 
The important outcomes of this periodic process are that the solid-liquid interface has wavy structure and that 
molten material is localised to the vicinity of the shelves. These predictions correspond well to the dynamics of the 
humps observed experimentally for the condition of low D. 
 
Let us consider next the pitch G of the humps. We discuss the instability of hydrodynamics in terms of the balance 
between surface tension force and the force exerted by gas in a similar way as proposed by Makashev et al [16,17]. 
Please refer to Figure 7(b), where the kerf front on the surface is sketched seen from the above. At a moment t = t0, a 
stroke of drilling has just left the surface, and no melt is found on the surface. The front of laser beam spot coincides 
with that of kerf front. As the laser beam advances to the right, new molten material is generated almost 
instantaneously. However, the assist gas cannot eject the melt to below immediately, since the surface tension that 
works along the solid-liquid interface retains the melt. As the beam proceeds further, the gas force applied on the 
melt increases with the increase of the interaction section. It is considered that the melt starts to move, when the 
following condition is satisfied. 
  llFs VG                                                                                                                                                      (1) 
Here (G·l) defines the dimensions of the melt, G is the surface tension coefficient, and Fs is the gas force per unit area, 
where the area is measured as the projection onto the surface. In contrast to the work [16,17], where Fs was defined 
from the pressure difference due to the change in gas flow section at the surface corner, we consider Fs as a drag 
force, which is applied on an obstacle (the melt in the present case) placed within one-directional homogeneous gas 
flow. According to the conventional notation of the drag force, Fs can be expressed as [28] 
¹¸
·
©¨
§ 2
2
1
ggDs vCF U                                                                                                                                       (2) 
where Ug is the density of assist-gas, vg is its velocity (vg = 1.1 x 102 m/s in the present study). The drag coefficient 
CD depends on the form of the obstacle and the Reynolds number of the gas flow.  
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Figure 7. Schematics of profiles of solid-liquid interface on the cross section of the central plane of the kerf (a) and of melt accumulation at the 
top part of the central region of the kerf (b), viewed on the cross section of the central plane (upper) and from the above (lower). 
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Using (1) and (2), 
2
2
ggD vC U
VG |                                                                                                                                            (3) 
For simplicity, we regard the form of melt accumulation as a quarter of a cylinder (J in Figure 7(b)), for which CD 
has been studied intensively. For the condition of the present study, Re (= vg(2G)/QQkinematic viscosity) is about 
103, which gives CD = 1 for the flow around a cylinder [28]. Assuming that V = 2 Pa·m, one obtains G= 150 Pm 
from (3). The predicted value overestimated the experimental one (G= 70 Pm) by about two times. The discrepancy 
is probably caused by the rough approximation of Fs. The model predicts, however, that G is independent of V, 
which is the feature observed in the experiment. 
 
The size of humps, which is G at the surface, tends to grow up during the downward movement, because the 
volume of a solid part scraped from the front wall is continuously added to the melt. This induces additional 
instability during the downward displacement of the melt, since the force balance (1) cannot be satisfied anymore; 
while the surface tension term is kept constant, the gas force increases with the increase of the melt size. As a result, 
a part of the melt can easily be expelled from the shelf. This kind of behaviour has been confirmed in the experiment. 
For low velocity condition such as at V = 1 m/min, where the melt ejection is in completely discrete regime, it is 
frequently observed that a hump falls from the shelf and merges to the precedent hump. 
4.2 Instability in the side region 
The instability of side flow can be understood in a similar way as the instability of the central flow, that is, from 
the instabilities of thermal dynamics and hydrodynamics. We have to take into account, however, difference in 
geometry to explain different behaviours observed in the central and side regions. 
 
First, let us consider unstable velocity range. The instability persists at side even when the central flow becomes 
continuous (2 m/min< V < 6 m/min). We think that the key to understand this difference is the tilting angle D. We 
have observed in the central flow that when the tilting angle D of the front becomes small, we will have intermittent 
melting due to instability of thermal dynamics. Let us extend this discussion to the side region. If we define the local 
tilting angle Dl as a function of azimuthal angle I relative to the cutting direction (refer also to Figure 8 for the 
definition of I), Dl should be a decreasing function of I. It approaches 0 in the limit of IĺS/2, since the sidewall is 
always almost perpendicular. This means that, no matter how tilted the central part is, there remains a region where 
Dl is small in the vicinity of the kerf side. It is thus reasonable that the instability persists in the side region, even 
when the instability disappears from the central region. As the tilting angle of the central part increases with V, the 
region of small Dl becomes more restricted to the kerf side region. This qualitatively explains the experimental fact 
that W decreases with the increase of V. 
 
Next let us estimate striation wavelength O. As shown in Figure 4, Ois two or three times larger than G. In order to 
understand this difference, we discuss again the force balance between the surface tension force and the assist gas 
force using Figure 8. At some instant t = t0, the last melt ejection is over on the side and one finds no melt 
accumulation inside the laser beam. With the elapse of time, new molten material comes into the beam spot from the 
unstable part defined by W and accumulation starts. It is considered that the next ejection is triggered when the 
thickness of the melt accumulation becomes comparable to G, which is defined in (3). If we take the length U1U2 in 
Figure 8 as the characteristic thickness of the melt accumulation, the following equation is obtained on the triangle 
C1C2U2   222 kk rr   GO                                                                                                                                         (4) 
Using G << rk, one obtains 
GO kr2|                                                                                                                                                       (5) 
which shows that the striation wavelength O is larger than G by a factor of (2rk/G)1/2. Inserting the theoretical 
prediction of G= 150 Pm to the eq.(5), we obtain ~500 Pm. The model overestimates O. However, considering the 
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fact that there has already been an overestimation in Git can be said that the model presented here can well predict 
the order of O obtained experimentally. 
 
 
 
One of the practical interests of this instability is estimation of surface roughness created on the kerf side. The 
roughness can be estimated from the sum of the hights hf and he in Figure 8. The first hf corresponds to the material 
that is expelled from the laser beam and solidified during an ejection cycle. The latter he represents the solid part 
melted by heat transfer from the melt accumulations. More detailed discussion can be found in [29]. 
5. Conclusion 
We have observed hydrodynamics of melt layer on the kerf front during laser cutting of steel using a disk laser 
and nitrogen gas. The observed melt dynamics exhibited instabilities, which depend strongly on cutting velocity V. 
In the lowest velocity range (V < 2 m/min), the melt flows in both the central and side regions of the kerf front are 
unstable. In the intermediate velocity range (2 m/min < V < 6 m/min), the central flow becomes stable, while the 
side region remains unstable. The unstable region becomes more restricted to the side with the increase of V, until 
whole the region becomes stable at V = 6 m/min. The coexistence of the stable and unstable flows in the 
intermediate range was firstly revealed by this study. This is practically important in considering the mechanism of 
striation generation, which originates from the instability of the side flow. The observed instabilities can be 
explained by a combination of thermal instability of melting process and hydrodynamical instability due to the 
surface tension. The simple physical model presented in this study can roughly explain the experimental results. It is 
considered that the different behaviors of the instability observed in the central and side regions results from 3D 
geometrical effect. 
Concerning the theoretical models of laser cutting process, little attention has been paid so far to the instability in 
the melting process and the surface tension effect, whose significance has been revealed in this study. There exist 
only few analytical models that have been referred to in the paper. Although the analytical approach has been shown 
to predict the orders of the observed characteristics, numerical codes in the framework of free surface tracking will 
be indispensable in order to treat more precisely the melting instability and the surface tension effect as a coupled 
problem. Several numerical codes have already been developed for laser welding process [30-33]. Such a code could 
be a powerful tool also to simulate this problem in laser cutting. 
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Figure 8. Schematic of melt accumulation process at the top part of the kerf side seen from the above. 
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